Abstract-A novel Yagi-Uda-like transmitarray is proposed for circularly polarized (CP) operation. The element consists of multiple strips stacked in parallel for achieving broad transmission phase range. By employing the design concept for the Yagi-Uda director, the transmitarray elements are made to provide the functions of phase shifter and director simultaneously. By introducing rotational offset into the stacking strips, the element is found to be able to generate circular polarization. To demonstrate the working principle, an 8-layer unit element is simulated using the Floquet method to provide a transmission phase range of 412 • . The proposed 5 × 5 full-fledged CP transmitarray is able to produce an antenna gain of 16.2 dBi, a −1-dB bandwidth of 4%, an axial-ratio bandwidth of 7%, and an aperture efficiency of 40.4%. A simple curve-fitted design equation is also given.
INTRODUCTION
Transmitarray is a planar lens that consists of an array of printed resonating elements, each of the functions as a phase shifter, for collimating electromagnetic wave into a certain direction. Over the years, much effort has been made in broadening the bandwidth of the transmitarray [1] . The use of multiple conventional resonators such as rings [2] , crosses [3] , slots, and patches [4] , which are usually made into multiple layers (> 2), was found to be useful for extending the bandwidth in transmitarray. Involvement of PBG/EBG/metamaterial structures [5] was found to be able to provide a full phase range using fewer layers, making the transmitarray thin and slim. However, these structures are usually more complex in shape. Dipole strip is simple in structure, and it was first explored as the phaseshifting element for designing a transmitarray, called zoned lens at that time, by Milne in [6] . However, a single-layered dipole strip may not be able to provide sufficient phase range. For reflectarray design, placing multiple strips in parallel on one surface was found to be able generate a phase range of greater than 360 • [7] and a bandwidth of 10% [8] .
The concept of rotating elements was applied to designing CP transmitarrays as early as 60s and 70s. They required the use of non-planar archimedean spiral [9] and helix [10] elements for generating CP operation, and their receiving and transmitting elements had to be connected by a via. Later, it was found that rotating the resonators sequentially had enabled the wideband antenna array [11] to have even better CP performance. In [12] , the sequential rotation technique was applied on the stacked microstrip patches, which were coupled to the other similar pair on the transmitting end through a cross slot, for designing a CP transmitarray. A similar technique was later used for designing a wide axialratio (∼ 25%) transmitarray that was able to receive linearly polarized (LP) wave from a rectangular patch and re-radiate CP wave from a rotated patch with truncated corners [13] . Again, the use of multilayer is found useful in enhancing CP performance. As shown in [14] , three parallel dipolar strips, which are orthogonally loaded with three unequal parasitic strips, when stacked into a 3-layer structure and with the element rotated sequentially, can achieve wide CP bandwidth of ∼ 7%.
For the first time in this paper, the Yagi-Uda's guideline [15] is incorporated with dipole strips for designing a circularly polarized (CP) transmitarray. By rotating the strips sequentially in the vertical direction, circular polarization can be easily obtained. In the proposed design, the transmitarray elements function as the phase shifters and directors at the same time. The characteristics of the unit elements are first analyzed in Section 2. Floquet cell has been deployed for simulating the transmission characteristics of the unit element, along with elucidation of the working principle and analysis of the current distributions. It will be proven that the arrayed strips function as the directors of the conventional Yagi-Uda antenna. Fitted equation is also provided for estimating the transmission phase range of the CP transmitarray element. The full transmitarray properties are further analyzed in Section 3.
UNIT ELEMENT
The CST Design Studio was used to simulate the proposed unit element and the full-fledged transmitarray. The configuration of the CP unit element, shown in Fig. 1 , is now described. It is composed of eight rectangular metal strips (l × w) of equal length, which are stacked in parallel, and the element is placed at the center of a square end. The separation distance between the two ports, which is also the length of the Floquet cell, is set at 160 mm in this case, although varying it does not affect the simulation outcome much as the reference plane can always be de-embedded. With reference to Fig. 1 , the top and bottom surfaces of the Floquet cell are defined as perfect-electric-conductor (PEC) walls while the side walls are made perfect-magnetic-conductor (PMC) walls.
In CST simulation, the unit element placed inside the Floquet cell is simulated as an infinite periodic array of similar elements by taking into account their mutual coupling. For this case, the strip length l is varied to generate phase change. The unit element is designed at the operating frequency of f o = 10 GHz. The strip width is set to be w = 5 mm, and the strips separation is selected to be d = 5 mm, with a cell size L of 18 mm (0.6λ at 10 GHz). By increasing l from 1 mm to 10.8 mm, the simulated transmission amplitude (|S 21 |) and phase (∠S 21 ) responses are shown in Fig. 2 . For ease of visualization, the curve for the case of 10 GHz is highlighted in blue, and it will be used for designing a full-fledged transmitarray later. The ports are de-embedded near the surface of the final transmitting strip to keep the phase change below one cycle. For amplitude loss (|S 21 |) of less than −3 dB, the element is able to provide a maximum transmission phase (ϕ max ) of 192 • , 412 • , and 257 • at 9.8 GHz, 10 GHz, and 10.4 GHz, respectively, for a maximum useable strip length (l max ) of 9.8 mm, 9.8 mm, and 9.2 mm. The length-phase relationship in Fig. 2(b) is also known as S-Curve. To gain some physical insight, the current distributions on the strips are illustrated for a unit element with l = 10 mm, shown in Fig. 3(a) . It is observed that electric field of the incident wave first induces currents on the strip facing Port 1, and the energy propagates to the subsequent strips through induction coupling mechanism. The operation principle sounds somewhat like how directors are driven in the conventional Yagi-Uda antenna [15] . To verify it, a reference Yagi-Uda antenna is designed following the guideline given by [16] , with the detailed dimensions shown in Fig. 3(b) . The current distributions on the directors are also depicted in the same figure. Comparing Figs. 3(a) and (b) , it is observed that the current distributions on the element strips of the proposed transmitarray are quite close to those on the conventional Yagi-Uda directors. This shows that the arrayed strips of the proposed transmitarray are able to direct waves through coupling mechanism, functioning as the directors of the conventional Yagi-Uda antenna. Inclining the strips gradually makes the wave polarization rotate, enabling the generation of CP fields. To explore further, the layer number is increased beginning at one, and the corresponding maximum transmission phase (ϕ max ), which is extracted from the simulated S-Curve by varying the strip length (l), at 10 GHz is depicted in Fig. 4 . The response is curve-fitted using a simple linear function, and it can be seen that the maximum achievable transmission phase range can be estimated by ϕ max = 53N + 5 where N is the number of layers from one to eight. Larger phase range can be made possible by incorporating more layers.
FULL TRANSMITARRAY
Next, the unit element is explored for designing a CP transmitarray. To begin with, the S-Curve at 10 GHz (highlighted in blue in Fig. 2(b) ) is selected. In our design shown in Fig. 5 , the wave propagation path P 0 from the feeder to the center point of the transmitarray is taken to be the reference as it is the shortest, and the strip length of the central element is made to have l max . Path difference (∆ N ) between the N th element and that for the reference point can be easily calculated as ∆ N = P N − P 0 , which is certainly positive as P N is longer than P 0 . To make the transmitted wavefront at the N th element co-phasal with that from the center, the additional phase (k o ∆ N ) can be easily compensated by choosing a strip length (on the x-axis of Fig. 2(b) ) on the curve which is able to provide a transmission phase of ϕ max + k o ∆ N on the y-axis, where k o is the free space wavenumber. All of the 25 elements of the proposed 5 × 5 circularly polarized transmitarray are designed following this procedure, and they are placed in the far-field zone (f = 122 mm) of a metal-backed half-wavelength dipole shown in Fig. 6 , which has dimensions of l 1 = 8.15 mm, w 1 = 5 mm, g 1 = 2.2 mm, h 1 = 5 mm, R = 100 mm. The feeding dipole, which is a directive antenna, has an impedance bandwidth of 24.25%, covering 8.89 GHz-11.32 GHz, and a peak gain of 9.32 dBi near the boresight. Since the total dimension of the transmitarray is D = 5L = 90 mm, f /D is calculated to be 1.36. Foam boards (with ε r ∼ 1) and 3M copper tapes are used to construct a prototype for the CP transmitarray, as shown in Fig. 7 . Copper Figure 7 . Prototype of the proposed circularly polarized transmitarray.
tape with adhesive layer on one side is stuck to a foam board with its unwanted metal etched away. Eight strip-loaded foam boards are then stacked in parallel and separated from the feeding dipole using a supporting structure made of foams.
RESULTS AND DISCUSSIONS
Input impedance of the transmitarray was measured with a Rohde & Schwarz ZVB8 vector network analyzer. The proposed transmitarray (antenna under test) is connected to a signal generator (Rohde & Schwarz SMB100A) for generating a monotonic microwave signal. The test antenna is a left-or right-handed polarized conical horn (XB-CPHA-L/R89), which has measured antenna gain of 15.68 dBi at 10 GHz. It is able to cover the frequency range of 8.49 GHz-11.6 GHz. The performance of the proposed CP transmitarray is now analyzed. It can be observed from the axial ratio (AX) measurement in Fig. 8 that the measured 3-dB axial-ratio bandwidth is ∼ 7%, covering 9.6 GHz-10.2 GHz. Discrepancy between the simulation and measurement can be caused by slight misalignment when stacking up the strips, which is unavoidable during experiments, and partial radiated power from the feeding dipole spilled over to the transmitting side of the transmitarray. Although the transmitarray has a very broad −10-dB impedance bandwidth of 25.3% (8.76 GHz-11.41 GHz), the useable CP bandwidth is only 7% limited by its AX performance. Fig. 9 illustrates the measured and simulated radiation patterns in both of the E and H planes. This is a left-handed circularly polarized (LHCP) transmitarray, showing broadside radiation pattern with a maximum measured antenna gain of 16.2 dBi (simulation 16.6 dBi). The aperture efficiency is calculated to be 40.4%, and the spill over efficiency is found to be 70.25% [17] . For both planes, the LHCP fields are larger than their RHCP counterparts by at least 18 dBi in the boresight direction. The characteristics of the antenna gain are analyzed in Fig. 10 . It has a measured −1-dB bandwidth of ∼ 4% (covering 9.7 GHz-10 GHz), which is slightly lower than its simulated bandwidth of ∼ 5% (9.8 GHz-10.2 GHz). Discrepancies are found between the simulated and measured results in Figs. 9 and 10 as the transmitarray is measured in a large free space area where minor reflections from the surroundings are unavoidable.
CONCLUSIONS
Yagi-Uda guideline has been applied in designing a circularly polarized transmitarray for the first time. In this case, dipole strips are stacked vertically to function as dual-functional transmitarray elements and directors. It is found that rotating the strip elements sequentially enables the generation of circular operation. Simulation is conducted using the Floquet's cell, and a curve-fitted design equation is derived to estimate the phase range. The proposed CP transmitarray generates a transmission phase range of 412 • , with an antenna gain of 16.2 dBi. The −1-dB and AX bandwidths of the proposed CP transmitarray are 4% and 7%, respectively, and it has an aperture efficiency of 40.4%. The proposed transmitarray is simple, light, and compact, and it can be possibly used for satellite communication systems.
